I. Introduction
An extensive investigation of irradiate-anneal screening of semiconductor piece parts against total dose radiation effects was carried out as part of a program to hiarden the Mariner Jupiter/Saturn (MJS'77) spacecraft against the Jupiter radiation belts.I The method consists of irradiating semiconductor devices with Cobalt-60 to a suitable total dose under representative bias conditions and of separating the undesired tail of the distribution from the bulk of the parts by means of a.predetermined acceptance limit.
The acceptable devices are then restored to their preirradiation condition by annealing them at an elevated temperature.
Irradiate-anneal (IRAN) is the only known 100 percent radiation screen against "mavericks", i.e., devices that are significantly more sensitive to ionizing radiation than the remaining population. In general, IRAN should be supplemented by a lot acceptance test based on a diffusion-metallization lot, in which a few samples are irradiated to a total dose in excess of the project requirements. Failure to pass this test results in rejection of the lot. This in turn results in an extension of the parts delivery by many months.
The lot acceptance method imposed intolerable time delays. Therefore, it was hoped that the irradiateanneal technique might be employed to predict the radiation behavior of each device in a quantitative manner, so that lots of marginal radiation quality might be utilized, although at a somewhat lower yield. This requirement imposes far more severe constraints on the IRAN method than only eliminating mavericks.
Previous work in radiation screening of semiconductor devices has been reported by a number of researchers. High temperature annealing was considered to be unnecessary for the JFETs. In these devices only the leakage currents are affected by the ionizing radiation; these are not significant in those devices that pass the IRAN acceptance criteria.
Experimental Investigation
The following information is required to determine the suitability of an irradiate-anneal screening Figure 1 . In almost all cases reirradiation produces substantially greater shifts than the first irradiation. Consistent results could not be obtained for some combinations of parameters and radiation levels. If the first irradiation is carried out to 125 krad(Si), %C becomes much more variable on reirradiation and may exhibit values anywhere between 0 and 100 krad(Si). If C is 0, the anneal is complete and no residual radiation damage remains.
The above behavior is typical of most parameters measured. However, the open loop gain tends to exhibit a logarithmic dose dependence even at very low total doses.
Besides these typical responses, many anomalous curves are also seen, particularly for the input offset current which measures the difference in two input bias currents. A classification of all the different types of reirradiation curves observed is shown in Fig. 3. b.
Predictability The behavior of the input offset current is most unpredictable. Both positive and negative shifts are common. In the course of reirradiation, the absolute value of this parameter may go through one or two maxima at intermediate dose levels. However, it is possible to define a maximum shift in either direction that this parameter is not likely to exceed. Highly irregular reirradiation values were obtained in all parameters of the HA2620 when the total dose of the first irradiation was increased to 125 krad(Si). This treatment caused some devices to improve on reirradia- 
at a total dose of 50 krad(Si). In the case of the HA2620, the parameter shift during the first irradiation was very small, whereas a very large nonlinear shift was seen at higher doses on reirradiation. These uncertainties could be resolved by increasing the first irradiation dose to 150 krad(Si).
All the LMl01 devices irradiated at 50 krad(Si) behaved anomalously. The parameters shifted in the opposite direction on reirradiation, and some devices exhibited large increases at total doses above 60 krad(Si). It Three types of analog switches were irradiated at 50 or 100 krad(Si) followed by 96 hour annealing at 150°C and reirradiation. During irradiation the positive and negative supply voltages were kept at +12 and -18V, respectively, and the input voltage at +4V. The latter corresponds to the on-state which had previously been identified as worst case condition. The n-channel JFETs in the devices can cause an increase in Is(off), the most sensitive parameter in those devices not containing MOS components. The MOS devices are extremely radiation sensitive and were not considered suitable for irradiate-anneal procedures.
Typical values of IS(off) for devices exposed to 50 krads(Si) after the first irradiation are 300 pA for the DG129 and the DG133, and 500 pA for the DG141. Exposure to 100 krads(Si) results in I nA and 2.5 nA, respectively. On irradiation to 30 krads(Si), there was no change in IS(off) for the DG129 and DG133, whereas the DGl41 went to 700 pA. On reirradiation, Is(off) obeys the relationship; IS = (k ) over the dose range between 30 and 125 krad(Si). No serious radiation induced inversion layers were seen in these devices, resulting in a values between 1.4 and 2. An analysis of the data indicates that the first irradiation followed by annealing induces residual damage equivalent to 20 or 50 krad(Si) when the first irradiation is 50 or 100 krad(Si), respectively.
Bipolar Transistors
The only bipolar transistor subjected to IRAN procedures in the MJS program is the SDT5553, a device extremely sensitive to surface ionization effects at low current levels. This device was used only in a shielded environment (less than 5 x 1011 e/cm fluence) at a collector current of 150 pA and a collector emitter voltage of 124V.
The devices were irradiated to a total dose of 5 krad(Si), and all devices with dc gain of less than 8 were rejected. A(1/h FE) varied by more than 3 orders of magnitude. The devices were then annealed at 150°C for 96 hours.
Some devices were reirradiated to a total dose of 25 krad(Si). The reirradiate/first irradiation ratio varied from 1 to 5.6, and the residual radiation damage varied from 1 to 4.5 krad(Si). Above 5 krad(Si) there was a sharp increase in A(l/hE ) due to the onset of a response of the type A(l/hFE) = (k¢) . With initial radiation damage, a decreased and was lowest for devices with the worst radiation damage.
A few devices were subjected to irradiate-anneal at 25 to 60 krad(Si). On reirradiation to a total dose of 12.5 krad(Si), these devices exhibited a less rapid total dose response and a more predictable reirradiation behavior at the expense of introducing greater radiation damage. The SDT5553 showed no annealing anomalies, but the anneal was always incomplete.
An analysis was carried out on IRAN data taken by M. Acuina of Goddard Space Flight Center1 on the dc current gain of the 2N2484 transistor at collector current levels of 100 ,uA, 500 pA and 5 mA. The devices were irradiated at a total dose of 150 krad(Si) and annealed for 96 hours at 150°C. The rejection -3 criterion was a change in l/hFE greater than l x 10
The devices were then reirradiated to 150 krad(Si) and annealed a second time.
The reirradiation/first irradiation ratio for acceptable devices varied from 1.5 to 2.5. The ratio was 0.8 for a rejected device and 0.14 for a device showing anomalous annealing, i.e., an improvement in hFE over the original value. Acceptable devices showed incomplete annealing, resulting in an increase of 1 to 6 x 10 to A(l/hFE). The increase was greater at lower current levels.
IV. Irradiate-Anneal of Flight Parts Based on the data described in Section III, a program to IRAN MJS'77 flight parts was initiated on a number of integrated circuit types, on one bipolar transistor, and on several JFETs. The device types tested are listed in Table III along with the acceptance criteria and the radiation screening levels developed in the experimental program.
The basic procedure was the same as developed in the experimental program and was carried out as follows. The parts were: (1) measured before radiation exposure, (2) exposed to one level of radiation dose, 3. The electrical leakage of the system was reduced to 100 pA or below to allow acceptable accuracy in making leakage current measurements.
Parts of the system were unique for each device type tested. These were designed and constructed and kept on the shelf just for testing one part type. Such parts included the adaptors, the stepper switches and the test boards. Some minor capability overlap allowed testing of more than one device type on some boards. The test method required that all measurements be completed within 15 minutes after the radiation exposure in order to minimize annealing of the radiation induced parameter changes. To accomplish this, the system was designed to automatically step through up to four dc voltage measurements on each device, pausing long enough to achieve equilibrium, and continue through the four measurements for 26 devices in sequence.
The test boards during test were in a flat array at a distance from the Cobalt 60 source which allowed a radiation dose uniformity over the test devices of ±10%. The test devices, being flight parts, were handled by defined Quality Assurance (QA) procedures with QA personnel in attendance during each step of the test procedure. The written test procedure defined the QA handling requirements.
After the radiation exposure, the devices were removed from the test boards for annealing, were put into a bake tray and placed into a well-regulated inert gas oven for a minimum of 96 hours at 1500 + 2°C. Subsequently, the devices were repackaged in the original containers, returned to JPL and shipped back to the original device manufacturer for repeat measurements of certain key electrical parameters. Reject devices were again designed and the whole lot was then shipped back to JPL for issue to MJS'77 subsystems.
As an additional safeguard, some devices for each lot were subjected to reirradiation using a series of four exposure levels from 15 up to 125 krad(Si). This was to insure that the reirradiation electrical parameter values did not exceed the limits that had been used to set the acceptance criteria listed in Table III The following device types were found not suitable for IRAN for reasons given:
(1) HA2520, HA2600, HA2620; no correlation was found between IRAN and reirradiation behavior; (2) HA9-2700 (flat packs); severe degradation occurred in negative open loop gain during the first irradiation from which the devices did not recover on annealing.
(3) JFETs: 2N4093, 2N4393, 2N5906; the flight lots were found to be extremely radiation sensitive requiring shielding; i.e., no screening is possible if all devices are bad.
Other devices which were investigated for IRAN but not included in the flight device IRAN program were as follows:
(1) HA2-2700 (cans), 2N4391, 2N4392; lot sample testing was found satisfactory for these.
(2) LM105 (voltage regulator); radiation damage for all devices was found to be acceptable up to 60 krad(Si).
